Thin-film lithium niobate on insulator (LNOI) has emerged as a superior integrated-photonics platform for linear, nonlinear, and electro-optics. Here we combine quasi-phase-matching, dispersion engineering, and tight mode confinement to realize nonlinear parametric processes with both high efficiency and wide wavelength tunability. On a millimeter-long, Zcut LNOI waveguide, we demonstrate ultra-efficient (1900 ± 500%W −1 cm −2 ) and highly tunable (-1.71 nm/K) second-harmonic generation from 1530 to 1583 nm by type-0 quasi-phase-matching. Our technique is applicable to optical harmonic generation, quantum light sources, frequency conversion, and many other photonic information processing across visible to mid-IR spectral bands.
http://dx.doi.org/10.1364/ao.XX.XXXXXX Efficient second-order nonlinear (χ (2) ) processes are desirable for a plethora of applications such as nonclassical light sources [1] [2] [3] [4] , optical frequency conversion [5] [6] [7] [8] [9] , low-threshold optical parametric oscillators [10] , and supercontinuum generation [11, 12] . In particular, the frequency conversion can flexibly create coherent light at needed wavelengths not easily accessible by laser gain media. It enables numerous optical studies and applications in spectroscopy, frequency metrology, remote sensing, etc., where coherent light at certain specific wavelengths is essential. Among others, second-harmonic generation (SHG) has long been deployed in a multitude of laser-based applications, which would benefit significantly from high efficiency and tunability.
To this end, thin-film lithium niobate on insulator (LNOI) has been explored first to enhance the SHG efficiency [3, [6] [7] [8] , and more recently to increase its wavelength tunability by thermooptics [5] . To achieve high tunability, type-I phase matching scheme was adopted to take advantage of the largest thermooptical birefringence coefficient in lithium niobate [5, 13] . However, such a scheme takes on a 30-fold reduction in the SHG efficiency, as it uses LNOI's d 31 nonlinear susceptibility whose typical value of 4.7 pm/V is much lower than that of d 33 at ∼27 pm/V. On the other hand, with periodic poling, a type-0 quasi-phase matching (QPM) scheme can utilize d 33 for high efficiency [14] , but suffers a lower tunability because of a much small thermo-optic coefficient. This unfavorable trade-off between the efficiency and tunability poses a limitation in achieving higher performance of nonlinear optical devices made of lithium-niobate.
Here, we demonstrate a new approach to overcome the trade off by careful group velocity engineering followed by quasiphase matching. Specifically, we first minimize the group velocity mismatch (GVM) between the interacting wavelengths and then use appropriate periodic poling to compensate for their phase mismatching. This permits to sustain the high conversion efficiency using d 33 while enhancing the QPM tunability at the same time. With a dispersion engineered PPLN waveguide on a Z-cut LNOI chip, we achieve ultra-efficient (1900 ± 500%W −1 cm −2 ) and highly tunable (-1.71 nm/K) SHG from 1530 to 1583 nm. Uniquely, the QPM wavelength exhibits blue shifts at a large tunability as the temperature is increased. Meanwhile, the phase matching profiles remain in a near-ideal sinc 2 shape and maintain high peak conversion efficiency over the entirely tuning range.
The key to the current large tunability is the GVM reduction via the modal dispersion engineering, using optimized waveguide cross sections. Then, QPM is achieved by perodic poling to offset the phase mismatch caused by both the material and resulted modal dispersion. It is this two-step optimization that gives rise to the high efficiency and large tunability at the same time. Our technique is thus in contrast to the modal phase matching approach [5] , where the refractive indices of fundamental and second-harmonic modes need to be matched at the first place, leaving little room for the group velocity engineering. It is also not reproducible in bulky PPLN waveguides [13, 14] , whose modal dispersion is dominated by the material dispersion due to a much larger cross section (e.g., >3×3 µm), thus prohibiting the proposed GVM maneuvering.
The paper is structured as follows. In section 1, we present the theory and simulation to study the thermal effects on GVM, followed by a brief description of the fabrication procedure.
In section 2, we characterize the linear and nonlinear optical properties and thermo-optic tunablity of the LNOI waveguide. We finally conclude in Section 3.
DESIGN AND FABRICATION

A. Theory and simulation
Taking modal dispersion and thermo-optic effects into account, i.e. n 1 (ω 1 , T) and n 2 (ω 2 , T), the QPM condition of the PPLN waveguide reads [3, 6] 
where Λ is the poling period, n 1 and n 2 are the effective refractive indices for fundamental (ω 1 ) and SH (ω 2 ) modes, respectively. To derive its thermal dependency, we perform the Taylor's series expansion for each term in Eq.
(1) around one of their perfect QPM points ω o 1 , ω o 2 , and T o [5] :
2πc
After temperature is perturbed, the new system still need to fulfill QPM condition with the same poling period (thermal expansion is neglected here). By inserting the expanded terms and plugging individual items in Eq.(2) into Eq.(1) and simplifying with initial QPM condition of ∆K = 0, we arrive at :
(3)
From the above equation, the temperature dependency of the phase matching comes from two folds. The first is exhibited in the numerator, given by the difference of thermo-optic coefficient between fundamental and SH modes. The second is in the denominator, governed by the group indices and an extra constant term. By increasing the numerator and/or reducing the denominator, we could increase the temperature tunability of the LNOI waveguide. For lithium niobate, ∂n e ∂T ∂n o ∂T , [15] , so that one could use the fundamental-frequency mode along the ordinary axis (o-polarized) and the SH mode along the extraordinary axis (e-polarized), in order to maximize the thermal coefficient difference [5] . However, it works at the expense of reducing the conversion efficiency over 30 times due to the much smaller nonlinear tensor d 31 it can support. This motivates us to explore another possibility, by minimizing the denominator.
By recognizing n g = c/v g = n + ω ∂n ∂ω , the group velocity
Hence, GVM can serve as an efficient knob to control the tunability, both for its magnitude and the direction of the QPM wavelength shifting. Meanwhile, the largest nonlinear tensor d 33 in lithium niobate can be accessed, thanks to the periodic poling. This method addresses the inefficiency drawback in Ref. [5] .
We validate the theoretical prediction through performing MODE simulations of optical modes and their temperature dependency (Lumerical, Inc). As a proof of principle, we compare the thermal effects on the GVM for two LNOI waveguide geometries (Waveguide 1: 400×1850 nm and Waveguide 2: 700×1500 nm). As shown in Fig. 1 , we select fundamental quasi-transversemagnetic (quasi-TM) modes for both 1550 nm and 775 nm in Zcut LNOI waveguides, which allows to access their largest nonlinear tensor d 33 while maximizing the mode overlapping. With the chosen geometry, the poling period for type-0 phase matching is calculated to be 2.45 µm and 3.8 µm, respectively. Later, by incorporating a temperature-dependent Sellmeier equation into the Lumerical simulator, we calculate their phase matching curves at various temperatures. As shown in Fig. 2 , Waveguide 1 exhibits red shift with a 0.2 nm/K slope. However, Waveguide 2 exhibits blue shifting with 0.6 nm/K slope, which shows opposite temperature dependency than in typical cases [3, 5, 6, 13] . This distinct behavior indicates that they have different signs in GVM. From these numbers we extract their GVM to be -600 fs/mm and 180 fs/mm, respectively. Also the ratio of the absolute value of their GVMs reveals the ratio of amplitude of corresponding thermal tunability. The above simulation results are in good agreement with our theoretical prediction, validating the relationship between GVM and thermal tunability.
By using a thicker layer of lithium niobate (∼700 nm), we are able to achieve small and positive GVM (<200 fs/mm) to obtain larger thermal tunability. With the waveguide geometry of 700×1500 nm, the required poling period is 55% larger than the thinner one, which reduces the fabrication difficulty. Additionally, better mode confinement in thicker nanowaveguide promises lower optical propagation loss, which is important for many practical applications. Thus in the following sections, we will focus on the Waveguide 2 configuration, while keeping in mind that the same technique is applicable to both.
B. Fabrication
The PPLN waveguides are fabricated on an Z-cut thin film LNOI wafer (NANOLN Inc.), which is a 700 nm thick LN thin film bonded on a 2-µm thermally grown silicon dioxide layer above a silicon substrate, shown in Fig.3 (a) . We use bi-layer electronbeam resist (495 PMMA A4 and 950 PMMA A4) and define Fig.3 (a) ) is then created by a metal lift-off process. We apply several 1-ms high voltage (∼550 V) electrical pulses on the poling pads to form the domain inversion region. The whole sample is placed on high temperature (∼ 300 • C) heater. Elevated temperature is a critical factor in order to reduce the required corrective voltage for thin-film lithium niobate.Then a second EBL is carried out to define the LN waveguide in the poled region. Using a similar process described in our previous work [16] , an optimized ion milling process is used to shallowly etch the waveguide structure (∼ 480 nm) with smooth sidewalls and the optimum sidewall angle. RCA ( (5:1:1, deionized water, ammonia and hydrogen peroxide) bath for the removal of the redeposition is applied delicately to minimize the sidewall roughness due to the uneven removal rates for poled and unpoled regions. Later on, we apply an overclad layer of 2 µm silicon oxide on the chip with via Plasma-enhanced chemical vapor deposition (PECVD). To examine the poling quality, we use hydrofluoric (HF) acid to attack the etched waveguide and check the poling pattern under scanning electron microscope (SEM). As shown in Fig.3 (b) , we obtain uniform periodic domain inversion along light propagation direction with such short poling period 3.8 µm. Also, we achieve good poling uniformity in thickness (down to 480 nm in depth), which is quite challenging for thick (> 400 nm) lithium niobate. Because the decay rate of poling electrical field in thin-film lithium niobate is much faster than traditional bulky lithium niobate case, especially in the case that no ground layer is directly attached to lithium niobate layer. 
EXPERIMENTAL RESULTS
In this section, we first characterize the linear optical properties of the fabricated 1-mm long PPLN nanowaveguide. A continuous-wave (CW) tunable laser (Santec 550, 1500-1630 nm) is used as the pump to excite the waveguide's fundamental quasi-TM mode through a fiber polarization controller. Two tapered fibers (2 µm spot diameter, by OZ Optics) serve for the input/output coupling. The coupling loss at 1550 nm and 775 nm are measured to be 5.4±0.3 dB and 4.7±0.3 dB, respectively. By using the Fabry-Perot (F-P) method described in [3] , the propagation loss for 1562 nm is extracted to be about 2 dB/cm. Its F-P fringes formed by the two waveguide facets are plotted in Fig. 4  (a) . Currently, the propagation loss is primarily attributed to the surface roughness induced by the direct contact of the metal pads for poling. It can be reduced to < 0.3 dB/cm by avoiding the metal contact, by inserting a buffer layer in between lithium niobate layer and the top metal layer.
Next, we characterize the waveguide's nonlinear property and measure the phase matching curve for SHG. Using the similar setup as in the above, we sweep the wavelength of the telecom laser, and collect and measure the generated secondharmonic light in the visible band with a power meter. As shown in Fig. 4(b) , a good sinc 2 -like curve is measured with minimal side peaks, which indicates high-quality poling. The highest efficiency is measured up to 2400 % W −1 cm −2 , and the bandwidth is about 18 nm. From the latter, the absolute value of GVM is estimated to be 190 fs/mm, which is in agreement with the previous Lumerical simulation results.
Finally, we study the waveguide's thermal tunability. Figure . 5(a) and (b) plot the phase matching profiles and their peak wavelengths measured at different temperatures. As shown, the phase matching blue shifts with increasing temperature at a linear rate of 1.71 nm/K. To the best of our knowledge, such blue shifting, representing a negative temperature dependency of the phase matching, is quite distinct to bulky LN waveguides or other LNOI waveguides reported so far [3] [4] [5] [6] [7] [8] 14] . To understand this result, we note that in Eq.4, the numerator ∂n 775 ∂T − ∂n 1550 ∂T is always positive. For efficient QPM, one can either use d 31 or d 33 , i.e. 1550-nm o-polarized and 775-nm e-polarized for type-I or 1550-nm e-polarized and 775-nm e-polarized for type-0. For LN, that ∂T guarantees the positivity for the above two cases [15] . Then the negative temperature dependency can only come from the sign of GVM. In bulky LN or other LNOI waveguides, the GVM is always negative because of the material dispersion, thus they show positive temperature dependency in wavelength (thus negative on frequency). Figure 5 (a) also shows excellent consistency from 1530 to 1583 nm with ± 500% variation in efficiency, attributed mainly to the coupling instability. Meanwhile, the bandwidth varies within ± 1.5 nm due to material inhomogeneity or imperfect poling. We notice that the measured tunability (∼ 1.71 nm/K) is almost 3 times larger than the simulated result (∼ 0.6 nm/K), as shown in Figure. 5(b) . In addition to the thermo-optic effect, the waveguide also experiences various other effects, such as the thermal expansion and pyroelectric effect, which are not considering in the current model. Those effects are even more significant in our wavelength-scale waveguides since the optical modes are much tighter and sensitive to such environment changes. We will need to investigate in our future work. Efficient, broadband, and with wide tuning range and large tuning capability, our technique is promising for frequency conversion of ultra-short coherent optical pulses, supercontinuum generation [12] , mode selective frequency conversion [17] and high-dimensional quantum information processing [18] . Currently, the tuning range is limited only by the external temperature controller, which can be replaced by an on-chip microheater [19] to provide an even larger tuning range.
CONCLUSION
In summary, we have studied group velocity engineering as a robust tool to realize χ (2) processes with both high efficiency and large thermal tunability in Z-cut, periodically-poled LNOI waveguides. As a case study, we have demonstrated second harmonic generation on chip at 1900±500 %W −1 cm −2 and with the phase matching wavelength thermally tuned at -1.71 nm/K. This exceptional tunability, obtained without degrading the conversion efficiency or bandwidth, is valuable in offsetting inevitable nanofabrication errors of χ (2) circuits, especially as they are mass integrated on chip. Among other applications, our technique holds the potential for the coherent light generation from visible to mid-IR spectra, providing both high power efficiency and wavelength tunability. Furthermore, with broadband (about 18 nm) phase matching in well maintained profiles over 50 nm of thermal tuning, our chips are suitable for applications ultra-short pulse. Finally, the type-0 periodic poling technique demonstrated in the present Z-cut LNOI waveguides could potentially be applied to LNOI microring cavities for significantly enhanced frequency conversion efficiency towards single photon nonlinearity [20] [21] [22] .
